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FOREWORD 

This report includes theoretical and experimental results from study of 

cesium surface adsorption and cesium plasma phenomena. 

by Dr. J. D. Levine, Section I1 by Dr. K. G. Hernqvist and Section I11 by Mr. 

J. R. Fendley, Jr. 

Section I was prepared 

We wish t o  acknowledge the encouragement and support of Mr. Harold Nastelin 

and Mr. Herman Schwartz of NASA Lewis Laboratories. 
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ABSTRACT 

Electrical conductivity due to cesium adsorption on insulators has been 

studied extensively. For "clean" ceramic systems (defined roughly as con- 

tinuously gettered systems, or closed systems-in initial stages of life) con- 

ductivity of adsorbed cesium in equilibrium with cesium vapor follows a simple 

Arrhenius law. For "unclean" systems (defined roughly as closed systems in 
later stages of life where gases can accumulate) conductivity is larger and 

obeys a similar law., Conductivity kinetic studies show that conductivity is 

proportional to the fourth power of arrival rate and of time after admitting 

a cesium beam. But the first half monolayer of adsorbed cesium becomes elec- 

trically inert due to cesium traps. Activation energies for cesium ionization 

and cesium diffusion have been calculated from analyzing temperature coeffi- 

cients of conductivity and conductivity drifts after shutting off the cesium 
beam. The above data serve as a basis for extracting cesium interactions, 

conduction mechanism, and binding mechanism. 

Plasma phenomena affecting the volt-ampere characteristic of the arc mode 

thermionic converter are discussed. 

including reverse current effects, an analysis is presented which yields a 

relation between arc drop and the pressure spacing product. It is shown that 
minimum arc drop in general does not coincide with minimum electron tempera- 

ture. 

Based on the ball-of-fire theory and 

Probe measurements of electron temperature are described. The measure- 

ments indicate electron temperature in the 3000 to 4000'K range. 
Various measurements of arc drop and anode work function are reported. 

Arc drop is found to be nearly 0.5 volt for cathode temperature in the range 
2 1300 to 1500'K and current density of 6 to 12 amp/cm . 

with a high cesium coverage has been found to be equal to or greater than 

Anode work function 
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1. ADSORPTION OF CESIUM ON INSULATORS 

A. MOTIVATION FOR STUDYING CESIUM ADSORPTION ON INSULATORS 

The adsorption system of cesium on insulators is in many ways ideal for 

experimental research. Because there is little chemical reaction between 

cesium and insulators, the data are largely reproducible. Because a great 

variety of properties can be measured, such as electrical conductivity, surface 
ionization energy, thermoelectric effect, diffusion, and kinetics of adsorp- 

tion, the system is versatile. Finally, because the insulator substrate is 

electrically inert, electrical effects caused by adsorbed cesium can easily 

be distinguished from the bulk and observed over many orders in magnitude. 

The goal of this study is to monitor electrical properties of adsorbed 

cesium, and then to deduce the electron distribution within the cesium-sub- 
strate bond, and the electrical cesium-cesium interactions. Such deductions 

are not possible if more conventional techniques are used. 

thermionic emission only gives work function, field ion microscopy only gives 

adsorbate position on a crystal lattice, l o w  energy electron diffraction only 

gives ordering of adsorbate aggregates, etc. 

For example, 

In the past, many theoretical models of adsorption have bee? proposed 
concerning metal-insulator or metal-semiconductor systems. 

an adsorbate such as cesium to be bound as an ion with an initial binding 

energy equal to work function minus vapor ionization potential (3 .9  ev). This 

energy is supposed to decrease parabolically with coverage until about 0.005 
monolayer when no more cesium can be adsorbed. 
be caused by band-bending of the substrate, and each electron donated by the 

cesium is supposed to go into the conduction band of the insulator. Similar, 

though more general, concepts have been forwarded by others such as Sandomir- 

ski,2 K ~ g a n , ~  Kr~semeyer,~ Heiland,5 and Boudart.6 

include complications of surface states, non-zero donor energies and degener- 

ate electron gases, but all have in common adsorbate ionization and band-bend- 

ing of the substrate. 
do not stress band-bending but instead focus attention on strong localized 

adsorption bonds. 
be caused by weak non-localized Van der Waals forces. 

propose grouping of two adsorbate atoms to form a diatomic species which is 

Weiszl considers 

The decrease is supposed to 

Some of these workers 

Other workers such as MottY7 Dowden,8 and Vol'kenshtein' 

BenjaminlO and Rhodinll consider a metal-insulator bond to 

Frenkel12 and Walton13 
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more stable than two single atoms; it may also serve as a nucleus for further 

film growth under certain conditions. 
adsorbate cluster interactions to occur by activated tunnelling, and Nifontoff15 

considers adsorbate or adsorbate cluster interactions to occur via a monatomic 
layer of non-removable surface contaminant. 

diffusion, stresses and surface tensions in the cesium film formations. Con- 

w e d 7  considers weak interactions to form an impurity band. Blackford18 and 

the present writer19 have noted that cesium conductivity is proportional to 
cesium pressure squared, in dynamic equilibrium. 

Neugebauer14 considers adsorbate or 

Love11 and Appleyard16 consider 

This strongly indicates’’ a 
model of diatomic cesium adsorption in agreement with the ideas of Frenkel. 12 

Although many theoretical models mentioned above have been proposed, 

there is a lack of well-defined and reproducible experimental data for com- 
parison. The main purpose of this report is to add to the available data of 

cesium adsorption on insulator systems. 16,18.919 Some theoretical interpreta- 

tions will be forwarded, but a more complete theoretical analysis will appear 

in the Final Report. 
The particular applicability of the cesium-insulator effort to cesium 

thermionic energy conversion is threefold. First, empirical conductivity data 

at high cesium temperatures and surface temperatures may aid in the choice and 

operating conditions of insulators in cesium converters. Second, the adsorp- 
tion properties of cesium on insulators may prove useful in understanding the 

nature of present-day low work function anodes. For example, there is evidence 

that observed low work functions -1.4 ev are characteristic of cesium plus metal 

substrate plus electronegative contaminant such as 02. 
in the form of (a) a free cesium atom on an oxidized metal substrate, or (b) 

a cesium oxide molecule loosely bound to a pure metal substrate? The present 

study considers cesium adsorption on an oxidized metal, A1203, so (a) may be 
critically evaluated. Finally, the cesium-cesium lateral interactions which 

can be inferred from the present effort provide one of the missing links in . 
understanding cesium-metal adsorption systems at coverages near one monolayer. 

But is cesium adsorbed 

The report is arranged as follows: Section I - B  is an extension of pre- 
vious measurements of surface conductivity in dynamic equilibrium with cesium 
vapor. Next, we discuss a newly built cesium beam device which deposits 

cesium at a controllable rate on a low temperature sapphire substrate. Measure- 

ments of conductivity at various times after opening and closing the cesium 



beam shutter at different sapphire temperatures yield conductivity kinetics, 

temperature coefficient, and surface diffusion in Section I-C, I-D, a d  I-E, 
respectively. In Section I-F preliminary thermoelectric measurements, Hall 

measurements, ohmic measurements, and pulse measurements give additional infor- 
mation. 

with a plan for future work. 

A summary of the pertinent results is given in Section I-G, together 

B. SURFACE CONDUCTIVITY IN DYNAMIC EQUILIBRIUM WITH CESIUM VAPOR 

A new series of investigations was carried out to see if conductivity 

data” previously obtained for cesium on moderately compatible Diamonite P-3142 

high alumina ceramic are applicable to other substrates. 

chosen were Frenchtown 4462 high alumina ceramic and sapphire (crystalline 

A1203) because they are supposed to be respectively incompatible and compati- 

ble with cesium throughout the temperature conditions of the tests.20 

The two substrates 

In these experiments a dynamic equilibrium is set up between adsorbed 

cesium on an insulator surface at temperature T and cesium vapor in contact 
with a liquid reservoir at a lower temperature T’, as shown in Fig. 1. The 

adsorbed cesium causes an electrically conducting path to be formed which can 

CESIUM 
RECl RCUL ATING 
AND PURIFYING 

STILL 

CESIUM 
VAPOR 

CESIUM 
LIQUID 

GETTER ION PUMP 
AND ION GAGE 

\CESIUM BOILER A;r 
TEMPERATURE T 

Fig. 1. Schematic experimental arrangement for measuring surface 
conductivity as a function of T and T’. Conductivity pro- 
ceeds via theadsorbed cesium film. The purifying st i l l ,  
cold trap and getter ion pump remove contaminant gases. 
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be conveniently monitored by an ohmmeter. For Diamonite P-3142 the surface 

conductivity per square, g,, was found to obey the semiempirical equation 

log  go = A - B/T' + C/T mhos/square (1) 

where 
A = -5.4, B = 7520, C = 8340. 

The object of the experiments to follow was to see if the Frenchtown and 

sapphire substrates obey Eq. (1) with A, B, and C values similar to Eq. (2). 
A review is also made of Blackford's18 cesium on Pyrex glass data, to see how 

it compares with these equations. 
Note that if a family of curves can be put into the form of Eq. (l), then 

there is unquestionably only one cont-ribution to the conductivity, namely that 

due to the adsorbed cesium. An assumed sum of effects such as surface and 

volume conductivities cannot be represented by Eq. (1) over many orders in 

magnitude. These considerations which clarify the isolation of one effect 
were not recognized previously. 19 

1. Cesium Adsorption on Frenchtown Ceramic 

a. Experimental Arrangement 

Two Frenchtown #4462 ceramic discs with a 3/4-inch inner diameter and a 
They were 3/16-inch thickness were chosen as insulators as shown in Fig. 2. 

mounted one on top of the other and soldered to a Kovar tube. The solder was 

silver-copper eutectic. Three electrical leads allowed measurement of con- 
ductivity across either of the two ceramics. The Kovar tube was connected to 

a copper tube through an intermediate Frenchtown insulator. Finally, the 

copper tube was connected to a flange and operated in a cesium still and 

getter ion pump arrangement'' shown in Fig. 1. 
distilling cesium into the copper tube so that it could be pinched off (dashed 

lines in Fig. 2)  and isolated from the cesium still and getter ion pump. 

Provision was also made for 

I b. Contaminant Gases 
Since contaminant gases would be continuously removed by the cesium still 

and getter pump arrangement, but would accumulate after the tube was pinched 
off, a preliminary study was made to determine the pressure of the contaminant 
gases. 

and noting the pressure at the getter ion pump shown in Fig. 1. 
trap allowed no cesium to reach the pump. 

pump was probably hydrogen as inferred from previous mass spectrometer tests. 

The study was carried out by varying the cesium reservoir temperature 
A dry ice 

The contaminant gas noted at the 

4 



Fig. 2. 
Tube used for measuring conductivity of cesium 
films adsorbed on Frenchtown ceramic. Dynamic 
equilibrium i s  established between adsorbed 
cesium and cesium vapor. 

KOVAR WASHER 

\ ,KOVAR CAP 

FRENCHTOWN 
CERAMIC DISCS 

--KOVAR TUBE 

INTERMEDIATE s/ FRENCHTOWN 
INSULATOR 

-COPPER TUBE 

'-SHAPE OF COPPER TUBE 
AFTER PINCHOFF 

FLANGE CONNECTION 
TO CESIUM STILL 

Plots of contaminant pressure versus iUm pressure (calculated from 

T') are shown in Fig. 3 .  The data can be represented by the following 
empirical equation 

log PH = -6 .3  + 0.5 log Pcs ( 3 )  

where the contaminant pressure P (probably hydrogen) and the cesium pressure 

PCs are expressed in Torr units. If the contaminant is presumed located in 
cesium liquid then it follows from Eq. (3) that the contaminant evaporation 

energy flH is related to the cesium evaporation energy fl 

H 

by c s  

gH = 0.5 gcs = 0.4 ev (4) 

which is similar to the vaporization heat (0.5 ev) of hydrogen from cesium 
hydride. Because of various gettering actions of the dry ice trap and because 
of pumping actions of the cesium still, these data are only an estimate. Yet 
there is definitely a one-to-one correspondence as shown by the straight line 

in Fig. 3 over five orders in magnitude. One concludes that before pinching the 

5 



I I L 1 1 1 1 1  

copper tube o f f , t he  r a t i o  of contaminant pressure  t o  cesium pressure  w a s  about 

Af te r  pinchoff t o  over a cesium pressure  range of 10'' t o  1 Torr. 

of the  copper tube, t he  contaminant pressure probably became g rea t e r ,  bu t  

t he re  was no means f o r  i t s  measurement. 

I , 1 1 1 1 1 1  

c.  Data Before Pinchoff 

Before pinching off  the  copper tube, d a t a  shown i n  Fig. 4 w a s  taken wi th  

The the  cesium s t i l l  and g e t t e r  i on  pump ('Vacion") i n  continuous operat ion.  

two Frenchtown ceramics had conduc t iv i t i e s  agreeing wi th in  about 10 percent .  

T o  show how the d a t a  w a s  taken, consider  run 419 f o r  example. The o the r  runs, 

f6, 7, 8, 10, 11 and 14, shown s i m i l a r  behavior. I n  run 89 t h e  ba th  tempera- 

t u r e  was f ixed a t  T '  = 471OK. Data were taken by l e t t i n g  T decrease slowly 

from 700°K t o  471°K as shown by the  poin ts  A. 
i nc reas ing  slowly from 471°K to 495°K as shown by t h e  po in t s  V. 
hys t e r e s  is. 

Reversed d a t a  were taken w i t h  T 

There i s  no 

For T higher than 520°K t he re  i s  curva ture  i n  the data .  It w a s  discovered 

l a t e r  t h a t  t h i s  curva ture  could be l a r g e l y  removed by applying a magnetic f ie ld ,  

showing t h a t  t h e  main cause f o r  t he  curvature  i s  probably thermionic conduc- 

t i v i t y  from one metal e lec t rode  t o  the  o the r ,  through t h e  vapor space. (See 
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& THERMIONIC EMISSION 
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1 0 1 . 4 ' '  I .6 1.e ' '  2 ' .o I 2.2 ' '  2.4 ' 2.6 2 .e 
9 

Fig. 4. Conductivity versus reciprocal surface temperature for cesium on 
Frenchtown ceramic with getter ion pump on. Each run corresponds 
to o different cesium bath temperature given by the vertical line. 
Rapid mass condensation occurs when surface and bath tempera- 
tures are identicol. 

pages 10 through 12.) 

presented are ohmic and reliable only for go > 
ductivity follows an exponential increase for two decades. Finally, for T = 

T', bulk cesium condensation occurs and the conductivity rises at constant 
temperature to about 1 mho/square; the rise is shown by the vertical line in 
the figure. 

Thus, it is felt that the surface conductivity data 
mho/square, where the con- 

Apparently, there is little or no supersaturation required to 
cause bulk condensation as is the case for systems such as Cd and Hg on glass. 10 

Rapid bulk condensation can be observed, however, only if the cesium pressure 

is high enough for rapid mass transfer, 

7 



A cross plot of these data is shown in Fig. 5. Values of constant conduc- 

tivity (v, m, and A for 
1000/T as ordinate and 1000/T' as abcissa. Also on the same plot are previously 

reported data for cesium on Diamonite ceramic (V, 0, A, and o for 

lom5,  and mho, respectively) are shown with 

and mho, respectively) and also some data for cesium on sapphire to 

be discussed later. The straight line family is semiempirical with two adjust- 

able 19 par ame t e r s . 
T P K )  

500 400 310 3.2 6y I I 
Log 90 = -5.4-7520/Tk0340/T 

go mho) 
IO- 

 IO-^ 
10-6 

2.8 

1.8 

1.6 
1.6 1.8 2.0 2 2 2 4  2 6 2.8 3.0 3.2 

1000 
-7- 

Fig. 5. Master plot of constant conductivity versus reciprocal bath and surface 
temperatures, taken under "clean conditions." Data refer to Diamonite 
ceramic, Frenchtown ceramic, and sapphire. Lines are calculated from 
a semi-empirical formula. 

There is good agreement between the Frenchtown data, the Diamonite data, 

and the theoretical line family previously derived, in spite of the finding 
that Frenchtown 114462 is incompatible with cesium. Apparently, operation of 
the cesium still and getter ion pump in both experiments is sufficient to 
maintain similar fairly clean surfaces. 

d. Data After Pinchoff 

Having acquired some data on a continuously gettered system, it was 

Cesium was decided to acquire some data on an isolated, pinched-off system. 
distilled into the tube of Fig. 2 (initially upside down) and then the tube 

8 



was pinched of f  as shown by the dashed l i n e s  i n  t h e  f igu re .  

were designed t o  keep T and T' a t  desired and independently con t ro l l ed  values .  

The purpose of the intermediate  ceramic w a s  t o  r egu la t e  c a r e f u l l y  t h e  cesium 

l i q u i d  level and cesium a r r i v a l  rate; cesium does not  w e t  t h e  intermediate  

ceramic w i t h  a temperature g r e a t e r  than T' .  

Special  ovens 

Af t e r  a few prel iminary runs, conduct iv i ty  d a t a  became reproducible .  This 

w a s  unexpected because no g e t t e r  ion  pump w a s  p resent  t o  r e m o v e  con t inua l ly  

accumulated gases.  

kept  ho t  gave i d e n t i c a l  resul ts .  

t o  900°K f o r  a few seconds, r e s u l t s  were s t i l l  i d e n t i c a l .  

I n  f a c t ,  readings taken three months a p a r t  w i t h  t h e  tube 

Also a f t e r  acc iden t ly  hea t ing  the su r face  

Runs #7 t o  14 are shown i n  Fig. 6. There i s  a d e f i n i t e  family of s lop ing  

l i n e s  i n t e r c e p t i n g  the  vertical l i n e s  a t  about 

w i th  Fig. 4, but  the  slope i n  Fig. 6 i s  only 1 / 3  t h a t  of Fig. 4. The presence 

mho/square i n  agreement 

Fig. 6. 
Conductivity versus reciprocal surface 
temperature for cesium on Frenchtown 
ceramic with getter ion pump off. The 
increase in conductivity is  due to 
buildup of contaminant gases. 

6 

1 
1.6 I .e 2.0 ,ooo 2.2 2.4 2.6 r e  

- 
T 
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of contaminant greatly increases surface conductivity. 

any time lags, some data (w, r, m, 4, and-) were taken at a true steady-state 

equilibrium, while the other data *re taken under slow ramp cooling of T. 
There were no time lags. 

To see if there were 

A master plot of Fig. 6 is shown in Fig. 7 where it is seen that the con- 
ductivity obeys Eq. (l), but with A, B, and C values different from Eq.  (2), 

namely 
A = -4.5, B = 2400, C = 2700. (5) 

The close agreement of the data in Fig. 7 to the straight-line family is 

attributed to a precise control of the cesium arrival rate. 
possible by using the intermediate insulator, as described above. 

Such control is 

Fig. 7. Master plot of constant conductivity versus reciprocal bath and 
surface temperatures, taken under “unclean conditions.” Data 
refer to Diamonite and Frenchtown ceramics. Lines are calcu- 
lated from a semi-empirical formula. 

e. 

Shortly after pinchoff it was recognized that thermionic emission was 
Magnetic Field Suppression of Thermionic Emission 

causing curvature in the high temperature portions of the data. Therefore, 
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preliminary runs taken inmediately after pinchoff were investigated both with 

and without a magnetic field of a few hundred gauss. In Fig. 8, the prelimi- 

nary data points o signify no magnetic field, data points 0 signify magnetic 

field, and data points X again signify magnetic field, but data taken a day 
later. Initially, low thermionic emission was removed by the magnetic field, 

but one day after pinchoff, thermionic emission became stronger, probably due 

to interactions of accumulated contaminants with the metal surfaces. This 

could not be removed entirely by the magnetic field, and it was not possible 

throughout all the succeeding runs to reproduce the data points 0 .  

thermionic emission seemed to compete with surface conductivity near 

mho/square. 

taken with the magnetic field applied. 

Instead, 

All runs on the Frenchtown ceramic reported in Figs. 6 and 7 were 

Tt°K) 
IO5 100 600 500 4 50 400 

I 1 1 7  I A 
' 0 E DATA WITHOUT MAGNETIC FIELD c 

-6 
10 a 

n 
W 

t 
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1.6 I .B 2D 2.2 2.4 2.6 2 .e 
1000 

1 

1 0 7 , r 4 ' L '  ' ' '  ' I I " ' '  
- 

Fig. 8. Effect of magnetic field in  suppressing thermionic emission. 
Thermionic emission builds up with time due to contaminants. 

f. Ohmic Character of the Conductivity 
To see if the conductivity was truly ohmic, current-voltage plots were 

made (3  months later), one of which is shown in Fig. 9. The data were taken 

by William Dennehy, a research trainee. Without a magnetic field, the data 
were grossly non-ohmic as shown by the points 0. But with a magnetic field 

applied the data became ohmic over the range 0.1 to 100 volts as shown by the 

points 0 .  In fact, it was later found that the data were still ohmic up to 
fields of 2000 volts/cm, provided measurements were made in short pulses to 
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Fig. 9.  I-V plot showing ohmic behaviorof surface conductivity 
provided magnetic field is applied. The difference be- 
tween measurements with and without magnetic field 
gives the thermionic emission characteristic. 

avoid joule heating of the cesium film. The portion of the conductivity which 

is removed by the magnetic field is obtained by subtraction and is shown by 

crosses in the same figure. The resulting curve strongly resembles an I - V  

characteristic of thermionic emission, as originally suspected. 

2. Cesium Adsorption on Sapphire 

a. Experimental Arrangement 
A sapphire rod of length 6 cm and diameter 0.1 cm was chosen for this 

experiment. The rod was chemically and ultrasonically cleaned, joined by 

molybdenum metallizing to Kovar cups on top and bottom, and spring-mounted in 

a Pyrex glass tube as shown in Fig. 10. Thermocouple leads were attached to 

one Kovar cup so that the sapphire temperature could be ascertained directly. 
The glass was chosen to be Pyrex to help avoid the ?blue" problem." 

getter was flashed in the cesium reservoir and this served to trap the small 
amount of "blue". 

A barium 

A separate heater ring was placed around the glass to 

12  



Fig. 10. 
Tube used for measuring conductivity of cesium 
f i lms adsorbed on sapphire. Dynamic equilibrium 
i s  established between adsorbed cesium and 

I 
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ON GLASS WALL 

e l i m i n a t e  electrical conductance along the inne r  g l a s s  w a l l s ;  t he  required 

temperature increase t h e r e  w a s  only about 2OoC.. A l a r g e  copper oven w a s  

placed over t he  long tube t o  give a constant T i n  the  v i c i n i t y  of t he  sapphire;  

a s m a l l e r  copper oven w a s  placed about the cesium r e s e r v o i r  t o  g ive  a cons tan t  

T ' ;  and an intermediate  hea te r  w a s  placed a t  the  neck t o  keep t h e  l i q u i d  always 

i n  the  r e s e r v o i r .  

The tube w a s  processed by baking ou t  under vacuum but  w a s  t e s t e d  without  

a g e t t e r  i o n  pump o r  i on  gauge. 

con t inua l ly  keep the background pressure a t  a low level. 

t h i s  presumption is  shown by the  slow d r i f t s  i n  the d a t a  descr ibed below. 

It was hoped that t h e  barium g e t t e r  would 

The inadequacy of 

b. 

Data w e r e  taken by f i x i n g  T and continuously varying T ' .  

Experimental Data and Long Time Drifts 
This procedure 

happened t o  be more convenient than f ix ing  T '  and cont inuously varying T, as 

w a s  done w i t h  t h e  Frenchtown system. Typical d a t a  are shown in  Fig. 11 f a r  

runs 81, 5, 18, 21, and 23. 

The f i r s t  few runs, #l t o  5, are taken wi th in  4 days of s t a r t i n g  and are 

very s i m i l a r  t o  the  d a t a  of the continuously g e t t e r e d  Diamonite and Frenchtown 

systems, as can be seen i n  two ways. F i r s t ,  t h e  s lopes  of runs #l and #5 are 
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Fig. 11. Conductivity versus reciprocal bath temperature for cesium on sapphire. 
Increases of conductivity with timeare due to buildup of contaminant 
gases. The insert shows theoretical proportionalities between con- 
ductivity and cesium pressure. 

i d e n t i c a l  w i t h  t he  s lope  of conduct iv i ty  propor t iona l  t o  pressure  squared, as 

shown i n  the  i n s e r t  of Fig. 11. 

on the master c h a r t  of Fig. 5, agree w e l l  w i t h  d a t a  there .  

Second, runs #l and #5, when p l o t t e d  d i r e c t l y  

But runs taken about one month a f t e r  s t a r t i n g  showed d i f f e r e n t  behavior, 

as t y p i f i e d  by runs #18 and #21 of Fig. 11. 

not  shown t o  avoid c l u t t e r i n g  t h e  f igu re .  

decrease of slope w i t h  increase  of t i m e  a f t e r  i n i t i a l  s t a r t i n g s .  

Intermediate  runs 115 t o  #18 are 

There w a s  observed a d e f i n i t e  

The last run  taken, run 823, w a s  c h a r a c t e r i s t i c  of t he  pinched-off French- 

town ceramic system as can be shown i n  two ways. F i r s t , t h e  s lope  of run #23 
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is identical to the slope of g a  p2I3 as shown in the insert of Fig. 11. 

Second, run #23 plotted directly on the master chart of Fig. 7, agrees well 

with the isolated Frenchtown data. 

The tube failed due to an accidental overheating before it could be 
established whether an equilibrium was reached at the relation g cc p 213. 

c. 

After removing the sapphire rod with adsorbed cesium on it, and after 

Conductivity of Sapphire with Adsorbed Cesium in Presence of Air 

letting it remain one day in air at room temperature, electrical conductivity 
measurements were made. Examples of these measuremnts are shown in Fig. 12. 

Run #2 shows a lower conductivity than run #l because of evaporation of cesium 

at the high temperatures of run 111. But the ionization energy (activation 

Fig. 12. Conductivity versus reciprocal surface temperature for adsorbed 
cesium on sapphire in thepresence of air. 
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energy f o r  conduction) i s  f a i r l y  cons t an t  f o r  bo th  runs and i s  equal  t o  0.87 

ev. This  value i s  i n  between that of pure sapph i re  (-1.7 ev) and t h a t  of 

cesium f i lms  unexposed t o  a i r  (-0.05 ev as shown i n  Sec t ion  I - D  of t h i s  r e p o r t ) ;  

bu t  i t  p r a c t i c a l l y  co inc ides  wi th  the  i o n i z a t i o n  energy f o r  Pyrex g l a s s ,  so i t  

w a s  suspected t h a t  g l a s s  could have evaporated from the  g l a s s  w a l l s  on t o  t h e  

sapphi re  surface.  The following experiment showed that t h i s  i s  no t  t he  case. 

d. Mass Spectrographic  Analysis of Sapphire  Rod 

The sapphire  rod w a s  s e n t  t o  t h e  RCA Mass Spectrographic  Laboratory where 

i t  was analyzed by sparking a p a r t  of t he  rod sur face .  The dep th  of t h e  spark  

w a s  es t imated t o  b e  c m  w i t h i n  a f a c t o r  of 10. Resu l t s  of t h e  a n a l y s i s  

showed 200 ppm of cesium ( r e s o l u t i o n  10 ppm) which could be accounted f o r  by 

about one monolayer of adsorbed cesium ( i . e * ,  200 x 

x cm = 2 x l O I 4  C s  a t o m s / c m 2  = -1 monolayer). 

de t ec t ed  showing that g l a s s  had not contaminated the sapphi re  su r face  as 

suspected from the  d a t a  i n  Fig. 12 .  It w a s  a l s o  suspected t h a t  molybdenum 

from t h e  m e t a l l i z i n g  a t  the rod ends could have become s u f f i . c i e n t l y  mobile t o  

contaminate the sur face .  But no molybdenum was 'de tec ted  i n  t h e  m a s s  spec t ro -  

graphic  ana lys i s .  It w a s  concluded t h a t  t he  i o n i z a t i o n  energy of 0.87 ev i s  

probably due to monolayers of cesium oxide o r  cesium hydride.  

x bulk atoms/cm3 

But no s i l i c o n  w a s  

3 .  Cesium Adsorption of Pyrex Glass 

Recently, Blackford18 repor ted  some conduc t iv i ty  d a t a  f o r  cesium on 17740 

Pyrex g l a s s  i n  the  temperature range 300°K < T, T '  < 400°K. There was no gas- 

pu r i fy ing  system. For T > 400°K and T '  = 340"K, he observed curves i n  h i s  

d a t a  which he could not  expla in ,  but  which w e  now see a r e  a t t r i b u t a b l e  t o  t h e r -  

mionic emission. Data of a l l  h i s  4 runs are r e p l o t t e d  onto a master c h a r t  as 

shown i n  Fig. 13.  

The empir ical  equat ions  which c o r r e l a t e  h i s  d a t a  are E q s .  (1) and (2) 

except  t h a t  A i s  -6.6, i n s t ead  of -5.4. I n  o t h e r  words, t he  curves of Fig. 13 

and Fig. 5 are  simply r e l a t e d  by a t r a n s l a t i o n  of about one v e r t i c a l  u n i t .  

Since Blackford measured only 4 runs  and operated w i t h  a very  low cesium 

b a t h  temperature, he probably d id  not  observe bui ldup of accumulated gases  

repor ted  above f o r  c losed-off  systems. 

Y e t  i t  i s  remarkable t h a t  e l e c t r i c a l  conduc t iv i ty  of cesium on g l a s s  and 

ceramic obeys a s i m i l a r  empir ica l  l a w .  
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Fig. 13. Master plot of Blackford's cesium on Pyrex data. 
The semi-empirical line formula is  similar to that 
of cesium on ceramic under "clean" conditions. 

- 

4. Discussion 

The conductivity of insulators coated with adsorbed cesium in equilibrium 
with cesium vapor has been studied sufficiently to draw some broad generaliza- 

t ions. 
For "clean" alumina ceramic or sapphire systems (defined roughly as con- 

tinuously gettered systems, or closed systems in initial stages of life), con- 

ductivity is found to follow the semiempirical law tl 

log go = -5.4 - 7520/T' + 8340/T ( 6 )  

This is somewhat surprising since some ceramics are compatible and others less 
compatible with cesium, and since sapphire is a single crystal and alumina 

ceramics are polycrystalline with additive binders. 

is independent of the band structure or chemical character of the substrate; 
thus, theoretical adsorption models involving bands, band-bending, or local- 
ized chemical bonds cannot apply. 

Apparently, conductivity 

Most probably,conductivity proceeds by 

"impurity band conduction". 

strong interactions between 

This term has been coined by others to describe 

donor impurities in highly doped semiconductors; 

17 



such interactions are therefore independent of the host crystal. 17,21,22 
seems that there is a close analogue between this concept of semiconductor 

theory and the cesium on ceramic system in interest. 

It 

A more direct evidence of cesium-cesium interactions is the proportiona- 

lity of conductivity to cesium pressure squared, as seen from Eq. (6). 
For "unclean" ceramic systems (defined roughly as unpurif ied systems in 

later stages of life where gas can accumulate) the conductivity is found to 

be much larger than for "clean" systems, and obeys a different semiempirical 

law. The contaminant gas is unknown, but as it accumulates, the electrical 

conductivity across the ceramic and the thermionic emission from adjoining 

metal points both increase. 

C. CONDUCTANCE KINETICS DURING CONTINUOUS CESIUM DEPOSITION AT 77" K 

The main objective of a conductance kinetic study is to find an empirical 

relation between conductivity, time of cesium deposition, and cesium arrival 

rate. From this relation, we can then deduce the presence of cesium traps, 

the order of the kinetics, and the mechanism for conduction. Careful conduc- 
tance kinetics studies have been made for tin and lead films23 and for cesium, 

rubidum, and potassium films18 many monolayers thick, but no careful studies 

have been carried out for the monolayer range of interest. Let us first con- 
sider a very simple model which will guide interpretation of the experimental 

data to follow. 

1. Simple Model of Conductance Kinet ics  

Consider an insulator surface exposed for a time t to a constant arrival 

rate A of cesium vapor. Then if the surface is sufficiently cold, no desorp- 

tion can occur and the concentration N1 of cesium atoms builds up as N1 = At. 
But if there are traps with a constant concentration Nx, then the concentra- 
tion of free (or untrapped) cesium atoms is 

N1 = A (t-7) (7) 

where z is the trap-filling time defined by 

Nx = AT. (8) 

From Sect. I-Band reference 19there is strong reason to anticipate cooperative 

cesium interactions and possibly the existence of diatomic molecules on the 

18 



surface. 

cipation of diatomic molecule forma.tion though this may not be the correct or 

the only cesium interaction. 

Let us therefore continue the simple kinetic model based on the anti- 

The rate of diatomic molecule formation, at a concentration N2, is given 

dN 
by 

dt = y NI2 (9) 

where y is a second order rate constant. 
of Eqs. (7) and (9) yields a third order kinetic equation upon integration: 

Provided N1 >> N2, the combination 

(10) - A2(t-7) 3 . 
N2- 3 

Furthermore, if the conductivity is proportional to N2, we have 

where b is another constant at a given surface temperature. A more general 

form of Eq.  (11) is 

g = bAm(t-T)" 

where m and n are numbers to be determined from experiment, and to be compared 

with theoretical values of 2 and 3, respectively. 

This model shows that if m 01 and n =1, single cesium atoms individually 
contribute to conductivity; but if c1 and n are larger integers, then diatomic 
molecules or possibly larger aggregates contribute to conductivity. The data 

to follow shows that m=n=4. One weakness of the model is its neglect of 

lateral cesium diffusion which is considerable at conductances higher than 

about mho as seen in Section I - E .  

2. Ex per i mental Arrangement 

A schematic diagram of the cesium deposition apparatus designed by J. 
Fendley, Jr., is shown in Fig. 14. The cesium in a copper reservoir is designed 
to escape through a pinhole at a rate controlled by the reservoir temperature 

(nominally 373OK). 

cesium beam to be easily turned on or off. 
the target are kept at 77OK by liquid nitrogen poured into an internal tank; 

this serves to trap cesium that arrives there (vaporization rate for bulk cesium 

extrapolated to 77°K is The cesium beam arrives at the 

sapphire disc, becomes adsorbed there and increases the conductivity. 

A sliding shutter operated by a bellows allows the thermal 
The walls between the reservoir and 

2 atoms/cm sec). 
The disc 
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Fig. 14. Schematic experimental arrangement for depositing controlled 
amounts of cesium on a cold sapphire target. Conductivity across 
the sapphire proceeds radially via thedeposited cesium film. 

is metallized on inside and outside so that the path of electrical conductivity 

is radial. A Kovar pin attached to the center metallizing provides the inner 
electrical connection. Liquid nitrogen can be poured into the well above the 
sapphire to insure a constant disc temperature of 77'K. Finally a getter ion 

pump and an ion gauge is attached through a dry ice trap. During the runs, 

there was no gauge deflection, so the background pressure was definitely less 
than Torr, and probably about Torr due to the chemical gettering 

action of cesium continuously deposited on large area walls at 77'K. 23 

The main philosophy in designing the apparatus is to insure cesium com- 

patibility (stainless steel, copper, and Kovar parts) and demountability. 
The apparatus is versatile: other targets besides sapphire can easily be used. 

3. Experimental Procedure 

The procedure in taking a typical run is as follows. 
a. Fix desired reservoir temperature TI. The arrival rate, A, at the 

target can be calculated from 

A = A'r 2L-2 = 0.95 x 10-5A' (atoms/cm2 sec) (13) P 
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where A'  i s  the  a r r i v a l  r a t e  a t  the  pinhole of r ad ius  r and L is  the  d i s t ance  PJ 
from pinhole  t o  t a r g e t .  The geometry co r rec t ion  f a c t o r  is (0.0247"/8") 2 o r  

0.95 x N o  independent a r r i v a l  r a t e  c a l i b r a t o r  w a s  used. 

b. Open s h u t t e r  and allow cesium t o  arrive on sapphire  t a r g e t  precooled 

t o  77°K. 

c. Monitor t he  conduct iv i ty  g versus t i m e  a f t e r  opening s h u t t e r .  This 

i s  done most e a s i l y  by connecting a Keithley 610 ohmmeter d i r e c t l y  t o  an X-Y 

t i m e  base recorder .  

l a t e d  from the  inner  rad ius  rl = 0.48 cm and t h e  o u t e r  rad ius  r2 = 0.96 cm, 

from the  r e l a t i o n  

I f  desired,  the  conduct ivi ty  per  square go can be calcu-  

= g 2x [1n(r2/r l )  I-' = 0.110 g (14)  

d. A t  end of run, c lose  s h u t t e r .  

e. To s tar t  another run, warm target to-75°C by using a hot a i r  blower 

toge ther  w i t h  a funnel. The l i q u i d  n i t rogen  pool i s  r a p i d l y  removed t h i s  way 

and the  sapphi re  can be d i r e c t l y  warmed, s t i l l  keeping the  support ing massive 

s t a i n l e s s  s t e e l  p a r t s  cold.  Heating of t he  sapphire  i s  stopped when condensed 

w a t e r  evaporates  from the  warmed sapphire. This  procedure i s  found s u f f i c i e n t  

t o  d r i v e  away a l l  the cesium present  on the  sapphire.  

f .  Pour l i q u i d  n i t rogen  back i n  the t a r g e t  w e l l .  Fortunately,  t h e  

sapphire  t o  Kovar me ta l l i z ing  can withstand the  sudden thermal shock. The 

t i m e  t o  w a r m  and cool i s  only about f ive  minutes. 

g. Take a new run by repea t ing  (b), o r  else change r e s e r v o i r  temperature 

and then r epea t  (b). 

A s  a v a r i a t i o n ,  sometimes the  conduct ivi ty  i s  monitored a f t e r  t he  s h u t t e r  

i s  closed. This v a r i a t i o n  w i l l  be discussed i n  Sec t ion  I-E.  

The procedures above are e spec ia l ly  simple when compared t o  those used by 

Appleyard and Lovell .  They used a Pyrex g l a s s  t a r g e t  and found it necessary 

t o  prewarm the  t a r g e t  t o  200°C f o r  an  hour before  their runs could be repro-  

duc ib le .  The problems of chemical r e a c t i o n  are s e r i o u s  under such condi t ions .  

We requi re ,  by con t r a s t ,  a warming t o  only about 75°C and wai t ing  only 5 

minutes before  reproducible  runs can be obtained. Furthermore, cesium is  

known not  t o  chemically a t t a c k  sapphire  (100% s i n g l e  c r y s t a l  A1203). 
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4. Kinetic Data 

Some examples of runs taken w i t h  the  above procedure a r e  shown i n  Fig. 15. 

I n  a l l  these  runs, t he  cesium r e s e r v o i r  is  immersed i n  b o i l i n g  w a t e r  (373°K) .  

But because there  i s  no p rec i se  c o n t r o l  on t h e  water level due t o  bubbling and 

evaporation, i t  is  est imated t h a t  t he  temperature near  t h e  pinhole  may have 

f luc tua ted  by about 3OC. The runs show t h e  fol lowing pa t t e rn .  For t i m e s  less 

than about 200 seconds a f t e r  opening the  s h u t t e r  t he re  i s  no evidence of con- 

d u c t i v i t y .  Suddenly,conductivity appears and rises r a p i d l y  w i t h  t i m e  bu t  then  

r i s e s  l e s s  rapidly.  There i s  no evidence of s a t u r a t i o n .  The runs a r e  stopped 

by c los ing  the s h u t t e r  a t  var ious  t i m e s  shown by the  arrows i n  t h e  f igu re .  

For conduc t iv i t i e s  >lo" mho the  conduct iv i ty  always decays w i t h  t i m e .  

phenomenon is  shown i n  S e c t i o n  I - E  t o  be due t o  la teral  d i f fus ion .  All 

t hese  q u a l i t a t i v e  r e s u l t s  w e r e  reported f i r s t  i n  the  pioneering s t u d i e s  of 

Appleyard and Lovell ,  but  they d id  not  s tudy the  phenomena i n  depth  because 

they were more i n t e r e s t e d  i n  th i cke r  f i lms  of the  order  of 100 1 - 1000 i. 

This 

0 200 400 600 800 1000 1200 
t (sec) 

Fig. 15. 
Conductivity at 77°K versus time after opening 
shutter with T'=373"K. Arrows point to closing 
of shutter followed by conductivity dr i f ts .  Data 
i s  fairly reproducible. 
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The data of Fig. 15 shows that the system is fairly reproducible. 

previously mentioned, part of the scatter may be due to imperfect temperature 
control. 

As 

To show the great sensitivity of conductivity data to reservoir tempera- 

ture, other runs shown in Fig. 16 were taken with an electrical reservoir 
heater. 
conductivity by as much as 6 orders in magnitude at constant deposition time. 

But the data will be more informative if it can be cast in the form of Eq.(12), 

so that the parameters T, m, n, and b can be calculated. 

Variations of 30" reservoir temperature are sufficient to vary the 

t (sec) 

Fig. 16. Strong dependence of conductivity on bath temperature. 

a. Calculation of T and N, 

T can be determined from conductivity data by experimentally measuring 

the slope S of Eq. (11) and the time t when the conductivity is 10'l-l mho, 
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then 

tll 
(sec) 

1330 

725 

480 

2 85 

2 95 

203 

120 

95 

60 

71 

60 

20 

Values of t (t ime t o  reach mho) are shown f o r  some runs i n  Table I. 

A rearrangement of Eq. (15) y i e l d s  
11 

7 

(sec) 

1030 

61 S 

415 

256 

2 50 

185 

9 4  

90 

54 

64 

57 

17 

from which T can be ca l cu la t ed  as a l s o  shown i n  Table I. Note that T i s  -90% 

of tll and s o  i s  no t  g r e a t l y  a l t e r e d  i f  t he  exponent m d i f f e r s  from the  expected 

value of 3. Fina l ly  the  product N, = AT can  be ca l cu la t ed  and i s  a l s o  shown i n  

the  Table. N, i s  -2.5 x l O I 4  traps/cm2 and i s  independent of a r r i v a l  rate v a r i -  

a t i o n s  over two orders  i n  magnitude. The numerical magnitude of N, i n d i c a t e s  

TABLE I 

INSENSITIVITY OF CESIUM TRAP DENSITY(Nx) 

TO CESIUM ARRIVAL RATE(A) 

T' 
(" K) 

350 

359 

365 

37 2 

374 

383 

393 

397 

40 3 

40 3 

414 

42 1 

Run 

39 

32 

33 

30 

38 

37 

28 

29 

34 

35 

40 

41 

1.9 

3.4 

5.0 

7.8 

9.0 

15. 

27. 

34. 

46. 

46. 

81. 

170. 

N, = A2 
( t r aps  /cm x 1 ~ 1 4  

1.8 

2.0 

2.0 

1.9 

2.1 

2.6 

2 . 4  

2.9 

2.4 

2.8 

4.4 

2.1 

2 Mean cesium t r a p  dens i ty  is Nx = 2.5 2 0.7 x loL4 cesium traps/cm 
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that the first 1/2  monolayer of deposited cesium is electrically inert in quan- 

titative agreement with Appleyard and Lovell. The constancy of Nx is in agree- 

ment with the presumption made in Eq. (8). 

b. Calculation of n 
The quantity n can be determined by plotting log g versus log (t-7) for the 

various constant arrival rates of Table I, as shown in Fig. 17. 
line family on this plot is n, which is found to be =4 by comparison with the 

insert. For conductivities g > mho, the slope is smaller and n x  3. 

The slope of the 

Fig. 17. Log conductivity at 77°K versus log (t- r )  at various constant arrival rates. 
By comparing data with theoretical slopes in the insert, the experimental 
slope, n, i s  about 4. 

c. Calculation of m 
The quantity m can be determined most easily by connecting points of con- 

stant (t-T) from Fig. 17, as shown in Fig. 18. Here log g is plotted versus 
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Fig. 18. Log conductivity at 7 7 O K  versus log arrival rate a t  various 
constant values of ( t -7 ) .  The experimental slope, m, i s  4. 

log A for (t-7) held constant at 10, 30, 100, and 300 sec. The slope of the 
line family on this plot is m. 

the data. 

In fact,the choice of m = 4  passes through all 

d. Calculation of b 
The quantity b can be calculated from spot checks of Fig. 18, using Eq. 

(12) and m= n= 4. Various log b values are found to be -65, -64, -64, and -65, 
giving an average of -64.5. 

5. Discussion of Conductivity Kinetics 

The dimensions of b are cm8 mho. 

Summing the results of the calculations above, the conductivity per square 
at 77°K is found to be accurately described by the semiempirical formulas 

(17) 

(174 

- 3.5 x A4(t-T) 4 mho g o  - 
T = 2.5 x 10141~ sec 

26 



Eqs. (17) and (17a) have been found to apply at T=77OK for 

mho, 10l1 < A < l O I 3  atoms cm-2sec-1 and 10 < t < 1000 sec. 
this range have not been attempted. In particular, the coefficient of Eq. (17) 

may depend strongly on surface temperature which is here held fixed at 77°K. 

< go < 
Studies outside 

The high fourth power kinetic order of the equation definitely points to 

cesium-cesium interactions required to form a conducting cesium species. Such 
interactions are consistent with our previous interpretations of dynamic equi- 

librium data in Section I-B. 
The constancy of the trap concentration N = AT definitely shows that the 

X 
first half layer of absorbed cesium on insulations is electrically inert at 

77°K. 

D. ACTIVATION ENERGY FOR CONDUCTION 

Conductivity of ultra-thin films may usually be expressed by 

-€i/kT 
g = gie 

where gi is an "initial conductivity (a function of cesium coverage but not 

temperature), 
a function of coverage but not temperature), k is Boltzmann's constant, and 
T is the surface temperature. 
zation energy" following usual semiconductor 

than 0.01 ev, and is not directly related to the much greater ionization energy 

of a free cesium atom in the vapor state. 

is the corresponding activation energy for conduction (also 

The quantity ci is frequently called the "ioni- 
termin~logy,~~ but ci is less 

The parameters ci and gi can give important clues to understanding cesium- 
cesium interactions. 25 

Measurements of E and gi have been made with the continuous cesium deposi- i 
tion apparatus described in Sect. I - C .  The experimental technique consists of 

immersing the sapphire target in liquid oxygen (9O0K), then in liquid nitrogen 

(77"K), and finally back in liquid oxygen to check for reproducibility. 
taken in this way is shown in Fig. 19, where log g is plotted versus 1000/T. 

Lines are drawn through the corresponding points of a run; these points are 

fairly reproducible, but drifted slightly downwards with time due to slow 
diffusion as described in Section I-E. The pattern emerging from this family 
of data is similar to that found by NeugebauerL4 for platinum films, Feldman 26 

Data 
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Fig. 19. 
Conductivity versus reciprocal sapphire tem- 
perature. Lines correspond to constant cover- 
age; slopes give ionization energy for conduction, 
and intercepts give “initial” conductivity. 

1000 
T 
- 

for platinum and gold films, and Wei27 for potassium films. 

Fig. 19 cover a larger range of conductivities; i.e., from 

But the data in 

to 10-6 mho. 

From the line slopes in Fig.19, ei can be calculated; and from the line 

intercepts, gi and the initial conductivity per square, gio = 0.110 gi can also 
be calculated. An illuminating cross plot of ei versus gio is shown in Fig. 20. 

For gio < 2 x mho, E is a constant = 0.076 ev, showing lack of lateral i 
interactions at extremely low coverages. But as coverage and gio both increase, 

cesium-cesium interactions cause ci to be lowered. 
Ei is less than thermal energy, kT, at room temperature. 

Finally,for gio > 7 x 

One can predict from this data (taken at cryogenic temperatures) that for 

temperatures > 300°K, a system with a measured conductivity > 
Ei > kT, and therefore essentially consists of ionized cesium. 
ing to note that the concept of ionized cesium on insulators was first presumed 

without proof in reference 19. 
sidered in more detail and will be reported at a later date. 

mho has 

It is gratify- 

The nature of cesium interactions will be con- 
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IONIZATION ENERGY 
FOR CONDUCTION €, - 

- 
- 

I I 1 1 1 1 1  I 1 1 l 1 1 1  1 1 I 1 I l l ,  

10-1 10-6 165 
INITIAL CONDUCTIVITY PER SOUARE;g,O (mhos) 

Fig.  20. Change in conductivity versus time after closing shutter a t  77°K and 90%. 
Each line corresponds to  a different conductivity a t  the instant of closing 
the shutter. All  data follow the 1/2 power law characteristic of diffusion 
processes. 

E. CESIUM SURFACE DIFFUSION 

In investigating conductivity kinetics (Section 1-C), it was found that 
after shutting off the cesium atomic beam the conductivity drifts with time. 

These drifts are seen clearly in Fig. 15 where the arrows point to the rapid 

insertion of the shutter (only 2 seconds to close). 

In general, the drifts have the following behavior. If the conductivity 
gs (conductivity at close of shutter) is less than 10" mho, conductivity 

first increases with time. This increase has been reproduced many times at 

77"K, 90°K, and 198"K, and it may be due to cesium atoms diffusing and com- 
bining to form diatomic or other aggregates which can conduct. 

On the other hand, if gs is greater than 10'' mho, conductivity always 
decreases with time. Eventually the drifts seem to vanish, but drifts of a 
few percent per hour still remain. Similar conductivity decays are reported 

by Appleyard and Lovell. Conductivity decays may be attributed to diffusion 

of conductivity cesium species from the insulator surface to the metal elec- 

trode where they are presumed more tightly bound; this concept will be cast 

into a theoretical model 
follow. 

and compared with comprehensive experiment data to 
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1. Theoretical Model of D i f f u s i o n  to Electrodes 

To derive an appropriate equation needed for interpreting the data to 

follow, consider the following idealized assumptions: 

a. Conductivity is proportional to the conducting species of cesium 

present (possibly diatomic molecules). 

b. Change in conductivity after closing the shutter is proportional to 
the conducting species of cesium which has diffused irreversibly to the metal 

electrodes (where stronger binding is presumed). 

c. At the time of shutting off the atomic beam, the conducting species 
of cesium is uniformly distributed over the sapphire surface. 

It then follows from simple diffusion theory28 in the limit of small times 
that 

circumference) ( 4  ;t)1/2 
& = g s (  (area) 

= 4.8 gs D1/2t1/2 

Here gs and Ag are respectively the conductivity at closing of the shutter 

and the subsequent change in conductivity in mho units; the circumference of 
the electrodes is 9.0 cm; the area of the unmetallized sapphire is 2.1 cm2; 
D is expressed in cm2/sec units; and t is expressed in seconds. 

both gs and .Ag have strong temperature coefficients of the form 

Note that 

-E /kT 

-Ei/kT 

- i gs - gsie 

4 3  = &ie 

but they effectively cancel out when solving for the diffusion coefficient D 

in Eq. (19). Furthermore, D is theoretically expected to have a separate 
temperature coefficient of the form 

(23) 
2 -3 D = .k? V exp (-E /kT) = 2.2 x 10 D exp (-cD/kT) 

where cD is an activation energy for diffusion; 1 is a hopping distance taken 

to be one cesium diameter = 4.70 x cm, and v is a lateral vibration 
frequency taken to be 10l2 sec These theoretical concepts will be compared 
with experimental data below. Although the one-half power law of Eq. (23) has 

been applied to detect diffusion in other systems, such as gas diffusion in 
metals,29 the law has not been applied before to conductivity of surface films. 

-1 . 
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2. Diffusion Data 

Famil ies  of d i f f u s i o n  d a t a  arranged i n  the form of Eq.' (20) are shown i n  

The o r d i n a t e  is  log Ag, t h e  abc i s sa  i s  Fig. 2 1  f o r  T f ixed  a t  77°K and 90°K. 

l o g  t, and the  s t r a i g h t  l i n e s  drawn through d a t a  po in t s  have t h e  t h e o r e t i c a l l y  

p red ic t ed  s lope  of 1/2. I n  Fig. 21 the seven sets of d a t a  a t  77OK are taken 

i 
1 

,d1 
IO I 0 2  10' 

Fig. 21. Ionization energy for conduction and activation energy 
for diffusion versus initial conductivity per square. The 
decrease in these energies is  due to cesium-cesium in- 
teractions at high cesium concentrations. 

TIME AFTER CLOSING SHUTTER.t(SBC) 

w i t h  

10-9 < gs < 10-6 mho. 

s lope  of 1 / 2  as long as 0 < t < 200 sec. 

t o  be smaller, but Eq. (20) i s  only expected t o  hold i n  the  l i m i t  of small 

t i m e s .  

< gs < mho, while  t h e  4 sets of d a t a  a t  90°K are taken w i t h  

I n  a l l  cases, the d a t a  agree  w e l l  w i t h  t h e  t h e o r e t i c a l  

For g r e a t e r  t i m e s ,  t he  s lope  seems 

The da ta  i n  these  f i g u r e s  d e f i n i t e l y  v e r i f i e s  the model t h a t  d i f f u s i o n  i s  

I f  the decay w e r e  due t o  desorp t ion  then t h e  causing the  conduct iv i ty  decays. 
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conductivity would decrease exponentially with time, which is not observed. 

Also, if the decay were due to arrival from contaminant residual gases, then 

there would be a greater effect of these gases at lower conductivities, which 

is not observed. 

From the data in Fig. 21, D and ED can be calculated as shown in Table 11. 
For all data, D lies in the range (1.2 - 7.3) x 
the range 0.025 to 0037 ev. 

of coverage or temperature. 

with the empirical law of Learn and Spriggs3O: 
bulk adsorbate)/28 or 0.8 ev/28 = 0.03 ev. 

cm2sec''; and cD lies in 
Thus, to a first approximation ED seems independent 

The observed magnitude of cD is in good agreement 

eD = (vaporization heat of 

TABLE I1 

TABULATION OF DIFFUSION COEFFICIENTS 

AND ACTIVATION ENERGIES 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Temp 
(" K) 

77 

77  

77 

77 

77 

77  

77 

90 

90 

90 

90 

2. 9x10-' 

2. 1x1~-5 

1. oxlo-lo 

5.0x10-' 

4 . 7 ~ 1 0 ~ ~  

5. 3 x 1 f 7  

5. O X ~ O - ~  

2 .  o ~ ~ o - ~  
1 . 9 ~ 1 0 - ~  

3. I x ~ O - ~  

2 . 4 ~ 1 0 - ~  

- 
- 

4.0 

4.8 

6.0 

8.5 

12.0 

4.0 

4.7 

8.0 

11.0 

- 
- 

4.2 

5.1 

6.3 

9.0 

13.0 

4.2 

5.0 

8.5 

11.8 

~ ~ 1 0 ~  
(cm2 /sec) 

4.8 

4.8 

1 .2  

1 .9  

3 .1  

4.8 

4.5 

2 . 1  

4.6 

6.8 

7.3 

ED 
(ev) 

.025 

.026 

.034 

.032 

.028 

,025 

.026 

.037 

.030 

.027 

.027 

But in fact eD is a weak function of cesium coverage. This can best be 

seen by converting gs to gi (using Fig. 19) and then converting gi to gio by 
multiplying by 0.110, as shown in Table 11. 
versus gin is shown in Fig. 20. 
gin (related to coverage), and the decrease is again presumed due to cesium 

interactions. Also, E values at fixed gio are independent of temperature, 
as presumed in the initial derivation, so the theory is self-consistent. 

An illustrative cross-plot of ED 
E ~ ,  like ci, decreases monotonically with 

D 

32 



To surmnarize, an a n a l y s i s  of the  conduct ivi ty  decay w i t h  t i m e  has  shown 

that t h e  one-half-power d i f f u s i o n  law is  obeyed and t h a t  meaningful ca l cu la -  

t i o n s  can be made of the d i f f u s i o n  coe f f i c i en t ,  d i f f u s i o n  a c t i v a t i o n  energy, 

and t h e i r  dependences on cesium coverage. 

But o t h e r  i n t e r p r e t a t i o n s  may b e  considered. For example, presume Eq. 

(19) t o  hold, but  presume t h a t  atoms d i f f u s e  t o  and are trapped i n  combina- 

t i o n  wi th  o t h e r  atoms, ins tead  of a t  the e l ec t rodes .  Then the  area-to-circum- 

fe rence  r a t i o  of Eq. (19) w i l l  be of atomic dimensions, say cm sec-l; and 

t h e  a c t i v a t i o n  energ ies  of Table I1 would be increased t o  about 0.2 ev. But 

0.2 ev i s  an order  of magnitude g r e a t e r  than expected from Learn and Spr iggs '  

empir ica l  c o r r e l a t i o n ,  e s t a b l i s h e d  f o r  t h i n  f i lms  of Pb, Sn, Cu, and Hg. Also, 

i t  i s  doubt fu l  i f  a macroscopic d i f fus ion  equat ion  such as Eq. (19) can be 

appl ied  meaningfully on a microscopic scale .  

2 

F. OTHER CESIUM ON INSULATOR EXPERIMENTS 

A g r e a t  v a r i e t y  of experiments were made t o  he lp  e l u c i d a t e  t h e  cesium- 

i n s u l a t o r  adsorp t ion  system. 

over a l a r g e  range of parameters have already been repor ted  i n  Sec t ions  I - B  

t o  I-E. 

Those that w e r e  c a r r i e d  ou t  i n  g r e a t  d e t a i l  

Other experiments w e r e  also ca r r i ed  ou t  bu t  t o  a lesser ex ten t .  

These cannot s tand  alone;  bu t  together  wi th  t h e  more d e t a i l e d  s tud ie s ,  

they he lp  t o  g ive  a comprehensive p i c t u r e .  

1. Thermoelectric Effect 

Thermoelectr ic  measurements made with adsorbed cesium f i lms on ceramic 

and two samples of F'yrex g l a s s  show tha t  the absolu te  thermoelec t r ic  power Q 

i n  t h e  temperature range 77°K t o  350°K is 0 < 1Q1 < 20 microvolts/OK. Q is  
usua l ly  i n  between t h a t  of bulk  cesium and that of ord inary  n-type semicon- 

duc tors .  

i n t e r p r e t a t i ~ n ~ l ,  32 gives independent i n s igh t  i n t o  t h e  conduction mechanisms. 

But such a s tudy w a s  no t  c a r r i e d  out  because of d i f f i c u l t i e s  i n  maintaining 

uniform coverage and known small temperature d i f f e rences ,  and d i f f i c u l t i e s  i n  

avoiding s t r a y  vol tage  sources.  

d i f f i c u l t i e s  and t o  provide a comprehensive map of Q a s  a func t ion  of conduc- 

t i v i t y  and temperature. 

A parametr ic  s tudy of Q would be extremely usefu l ,  because i t s  atomic 

A new tube w i l l  be designed t o  e l imina te  such 
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2. Ha l l  Effect 

An experiment designed to measure the Hall angle (equal to Hall voltage 
divided by applied voltage) was unsuccessful. Measurements for various tempera- 

tures and conductivities were drowned in uncontrollable noise so only an upper 

limit of the Hall angle could be estimated; this was about a = 2 x with 

B = 3000 gauss. Using Eq. (21) of reference 19, this angle corresponds to an 

upper limit on the electron mobility of 1.5 cm2/volt sec. 
questionable because the Hall probes were not flush with the conducting surface, 

and because of the unconventional cylindrical geometry used and unconventional 

thinness of the conducting cesium film. 

3. Lack of Ionic Conduction 

But this limit is 

To show conclusively that conduction is not caused by cesium ions, a 
special experiment was performed. A ceramic and metal tube (previously built 

for another purpose) contained -1/2 gram of cesium which was forced downwards 

to the reservoir by heating. Then the entire tube was immersed in liquid 

nitrogen to "freeze in" the cesium. Finally, a voltage was applied across the 

ceramic insulator in the tube in such a sense as to draw cesium positive ions 
(if they were the conducting species) from the top to the bottom of the insu- 

lator. 
R = 6000 ohms, and I = 0.04 ampere. If ions would be transported off the 

insulator and not resupplied, then conductivity should drop sharply with time 

which was not observed. Also, if ions were transported from top to bottom but 

were continually supplied at the top by a few residual cesium monolayers there, 

then after these monolayers were depleted, the conductivity should drop sharply, 

but at a later time. This was not observed though the test ran six hours, 

which was sufficient to deplete lo7 monolayers. 
it is purely electronic. 

4. Pulse Experiments 

Typical conditions of the experiment at 77°K were: V = 230 volts D.C., 

There is no ionic conduction; 

High voltage pulse experiments were carried out at 77°K to see if a time 
lag was necessary to establish constant conductivity. Typical pulse condi- 
tions were: 100-volt pulse height, 20-psec pulse width, 0.1-psec rise time, 
and 100-cps repetition rate. Within the limit of detection, which was about 

0.1 psec, it was found that current exactly followed the voltage pulse; there 
were no time lags. 
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G. CONCLUSIONS DRAWN FROM THE CESIUM-ON-INSULATOR SYSTEM 

The main conclusions to be drawn from the preceding six sections are: 
1. For "clean" ceramic systems (defined roughly as contiauously gettered 

systems, or closed systems in initial stages of life) conductivity of adsorbed 

cesium in equilibrium with cesium vapor follows the semiempirical law 

log go= -5.4 - 7520/T' + 8340/T ( 6 )  

Conductivity varies as cesium pressure squared, at fixed ceramic temperature. 

2. For "unclean" ceramic systems (defined roughly as closed systems in 

later stages of life where gases can accumulate) conductivity is larger and 

obeys a different semiempirical law. T h e  unknown contaminant gas also serves 
to enhance thermionic emission. 

3. The first half monolayer of cesium deposited on sapphire at 77'K is 

electrically inert. 

4. Conductivity kinetics of cesium film deposition at 77°K obey the semi- 
empirical laws 

4 = 3.5 x A4(t-.r) mho 

14 7 = 2.5 x 10 /A sec 

5. Conductivity at constant coverage has a temperature dependence of the 
f o m  

E decreases from 0.06 ev to 0.01 ev with increasing gi. i 
6 .  Conductivity drifts after closing shutter follow the diffusion laws 

1/2 p 2  Ag = 4.8 gs D 

from which the diffusion coefficient and the diffusion activation energy can 

be calculated. D varies from to 7 x cm2sec-l at 77'K and cD varies 
from 0.025 to .037 ev, depending on coverage. 

7. One unifying thread connecting these somewhat scattered results is 
the effect of cesium-cesium interactions. These interactions cause conductiv- 

ity in dynamic equilibrium to vary as pressure squared, cause conductivity 
kinetics to be of fourth order, and cause ei and cD to decrease with increas- 

ing coverage. 
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8. A second unifying thread is the nature of the conduction mechanism. 

Because data are insensitive to substrate insulator, one concludes that the 
conduction mechanism probably proceeds via an "impurity band" due to weak 

overlap of adsorbed cesium wave functions. Conventional band-bending concepts 

cannot apply. 

9. A third unifying thread is the search for new experimental techniques 

in adsorption studies. For example, adsorption data have not (to our knowledge) 
been presented in the comprehensive forms of Eqs. (6), (17), or (20). Also, a 
thermoelectric analysis of monolayer adsorbed films, to be completed later, has 

not been attempted by others. 
10. In the future, more quantitative statements will be made concerning 

cesium interactions, conduction mechanism, and binding mechanism. 
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I I .  THE EFFECTS OF PLASMA PHENOMENA ON THE V-l CHARACTERISTIC 
OF THE ARC MODE THERMIONIC CONVERTER 

A INTRODUCTION 
I 

The output voltage V of an arc mode cesium vapor thermionic energy con- 
33 I verter can be written 

" 'ceff - 'A - 
where 

= anode work function 

Vd = arc drop 

= effective cathode work function. 'teff 
For currents less than the saturated cathode emission current 

120 A Tc2 
In kTC 'teff e 

= -  
IC 

where 

k = Boltzman constant 

e = electronic charge 
Tc = cathode temperature 

A = effective cathode area 

IC = cathode emission current density. 

For this discussion it will be assumed that I * terminal current I. If the 
arc drop V were current-independent the volt-ampere characteristic plotted 

as log I versus V would be a straight line Over the range of validity of 
Eq. (25). 
ture. As the saturated emission current is reached, the current would remain 
at a constant value independent of V. There is no experimental evidence 

indicpting that the surface properties of the electrodes change during the 

recording of a volt-ampere characteristic, provided the electrode temperatures 

remain constant. The volt-ampere characteristic then reflects the plasma 

properties of the diode. If the anode work function @ is known (for instance 

by assuring a complete cesium film coverage of the anode) the volt-ampere 

C 

d 

The slope of the line would be determined by the cathode tempera- 

A 
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characteristic allows evaluation of the arc drop V 

the power loss in the plasma. 
The different factors influencing Vd are discussed in this section. 

current-dependent quantity is the effective cathode area A. The value of A 
is governed by the extent of the glow plasma in the interelectrode space, 
which in turn is determined by a combination of plasma and load conditions. 

These conditions are discussed in Section 11-D. 

which is determined by d 
In general, Vd is not current-independent. 

Another 

B. PLASMA TEMPERATURE AND ITS DEPENDENCE ON SPACING AND PRESSURE 

The arc drop Vd can be evaluated by equating power input to power losses 

of the plasma. 
V becomes 

Under the assumption of zero back emission from the anode, 

d 

2k IC pL V = - (Te - Tc) - + - d e  I 1  

where 

Te = electron plasma temperature 

IC = electron current emitted by the cathode into the plasma 

PL = radiation and thermal losses from the plasma. 

Due to reverse electron emission from the plasma to the cathode, I 
than the current measured in the external circuit (see Section 11-C). 

is larger 
C 

The electron temperature T can be evaluated from the ball-of-fire theory. 34,35 e 
T is determined by e 

n D~ 

e2 
(27) 

where 

V, = ionization potential 
I 

= (3) 
v = vi ‘i 

Qi = ionization cross section 

= ion - atom collision cross section QP 
m = ion mass P 
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m = electron mass 

T = average gas temperature 

n = density of gas atoms in 

e 

g 

g 

in the interelectrode space 

the interelectrode space 

D = cathode-to-anode spacing 

8 = angle in the range 0 < 0 < fl/2 

Minimum electron temperature occurs for 8 = Yt/2. 

density n 
the cesium reservoir (vapor pressure determined by reservoir temperature) by 
an arrival rate balance, Eq. (26) becomes 

If we assume that the gas 
for a cesium vapor converter is related to the vapor pressure p at 

g 

where 

2 2  6 (3.56 x 10 1 6 2  ) p D 
112 1 /2 

- 8 Ci Vi Qp (2) (2) g R  e2 Yt 

TR = cesium reservoir temperature. 

8 is determined by the relation 

where 

0 
= 8 tan - 2 

$c 273 -D- 
T pg he g 

= plasma boundary factor (0 < Jrc < 1) 
JrC 

he = electron mean free path at standard gas temperature and pressure 

(273OK and 1 Torr) 
and 

= vapor pressure in interelectrode space. 
pg 

For arrival rate balance Eq. (29) becomes 

e p = 8 tan - 2 
273 273 
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The factor 

0 

cannot be calculated to a high degree of accuracy but can be obtained from 

measurements of (pD) the value of (pD) corresponding to the minimum electron 

temperature (0  = n/2). Thus 
0' 

and Eq. (29) becomes 

( 3 3 )  
2 6 pD = (PD)~ ; 6 tan - 2 

2 
Q = 6.8 x cm 36,37 Using published values for the cross section for cesium, 

and Ci = 6.22 x 

Eq. (28) becomes 

P 
cm2 volt-', and assuming T = 1130'K and TR 575'K, 

P 

Equations ( 3 3 )  and ( 3 4 )  have been plotted in Fig. 22 with (PD)~ as a parameter. 

Experimentally, it has been found that (PD)~ = 0.1 to 0.2 Torr x cm. 

shows that if the spacing or pressure is increased, the electron temperature 
decreases and reaches a minimum value corresponding to (pD) Further increase 

in spacing or pressure results in the formation of a second plasma region, 

separated from the first by a Langmuir space-charge sheath. 

Fig. 22 

0' 

34 

C. EFFECTS OF REVERSE CURRENTS 

To evaluate the ratio of cathode emission current to terminal current 

[&/I in Eq. (26)]  it is necessary to analyze the effects of reverse currents 
in the converter. It is assumed in this analysis that the concepts of the 
ball-of-fire discharge apply with the typical potential distribution in Fig. 23. 

Two types of back emission currents will be considered namely, I from 

A 
PC 

emitted by the anode into the the plasma arriving at the cathode and I 
plasma. The current emitted from the cathode and arriving in the plasma is 

Since the I and the current arriving at the anode from the plasma is I 
terminal current, I, measured in the external circuit is continuous, the 

PA' C 
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Fig. 22. Electron temperature as a function of the 
pressurtspacing product. 

CATHODE ANODE 

I ‘-I SHEATH 
PLASMA 

Fig. 23. Diagram showing potential versus distance for 
an arc mode plasma diode. 
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following r e l a t i o n s  apply 

and 

I = I c - I  

I = IpA - IA 

PC 

where f o r  a plane parallel  geometry 

e V  
1 = A e r C exp (- e) 
PC 

1 = A  e rA exp( -  q) e vs 
PA 

and 

= U T A  2 exp (- 3) 
I A  

(35) 

(36) 

(38) 

(39) 

I n  Eqs. (37) through (40) 
amp 

c m  x (OK) 2 2) B = e l e c t r o n  emission cons tan t  (=120 

TA = anode temperature 

gA = anode work func t ion  

I' = plasma e l e c t r o n  impact rate ( i n  c m  -2 x sec-l) a t  cathode edge of 
C 

the plasma 

rA = plasma e l e c t r o n  impact rate a t  anode edge of the  plasma. 

Equations (35) through (40) can be rearranged t o  y i e l d  

exp - e ' d ) - I  (41) 
kTe 

showing that t h e  terminal  cu r ren t  I is lower than  the  cathode emission cu r ren t  

I due t o  the two reverse  emission e f f e c t s .  
C 

I n  add i t ion  t o  reducing the te rmina l  cu r ren t  t h e  r eve r se  emission a l s o  

has an undesirable  cool ing e f f e c t  on the  plasma e l ec t rons .  This r e s u l t s  i n  an 
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increased a r c  drop V The energy balance f o r  t he  plasma reg ion  y i e l d s  
d' 

2 kTc 2 kTe 2 kTA 
IC (vp + p) - Ipc (vp + T) - IPA(VS + >)+ IA(VS + y) - PL = 0 

where PL rep resen t s  t he  small cont r ibu t ion  of i on  losses ,  r a d i a t i o n  losses ,  

and hea t  t r a n s f e r  from t h e  e l e c t r o n  gas t o  the  n e u t r a l  gas. 

t he  a r c  drop becomes 

Thus from Eq. (42) 

C 
I 2k 

e The quan t i ty  - (Te - Tc) I of the right-hand s i d e  of Eq. (43) r ep resen t s  

t he  heat  exchange between p l a s m  and e l ec t rodes  i n  absence of anode emission. 

Since the reverse cu r ren t  from plasma t o  cathode makes - > 1, i t  i s  seen that 

t h i s  e f f e c t  r e s u l t s  i n  a con t r ibu t ion  to  the a r c  drop. The quan t i ty  e (Te - TA) I 
on t h e  r ight-hand s i d e  of Eq. (43) represents  the cool ing e f f e c t  on the  

e l e c t r o n  gas due t o  t h e  anode back emission. 

I C  

2k I A  I 

Since t h e  e l e c t r o n  impact rates at the  two plasma boundaries are propor- 

t i o n a l  t o  the  corresponding plasma dens i t i e s ,  one can w r i t e  f o r  a b a l l - o f - f i r e  

type d ischarge  34 

- cos 8 (44) r - -  
C 

where 8 i s  determined by Eq.(33). 

emission (I = 0) and n e g l i g i b l e  plasma l o s s e s  P Eqs. (41), (43), and (44) 

Considering now the  case of zero  anode 

A L' 
y i e l d  

1 - = 2  e vd (1 -q+ 1 

e 'd exp - 
kTe 

COS e kTe 

Equations (33), (lo), and (45) allow the eva lua t ion  of arc drop Vd as a 

func t ion  of pd wi th  (pd) as a parameter. 
0 

Equations (25) and (41) can be combined t o  y i e l d  

(45) 

kTC 120 A Tc2 - - kTC In E + 2 exp (- q)] - @A - Vd (46) 
In I e 

v = -  
e 

43 



If the cathode work function is estimated from Richardson's equation using 
the current density based on the terminal current, it must be corrected using 

the second term on the right-hand side of Eq. (46). Often the arc drop is 

deduced from measurements using the current-independent terms in Eq. (46). 
This value (V ) is then d exp 

where 
C 

r 
C 

kT 

e In 1 + -  - -  - 
rA 

The quantity (Vd)exp = V + @ 

The shape of these curves closely resembles that found by .Johnson34 for 

has been plotted in Fig. 24 as a function d c  
of pd using Eqs .  (33), (34), (45), and (48). Parameter is (pd) . 

0 

an xenon discharge having the cathode edge anchored by a 5;id. Also plotted 

in Fig. 24 are experimental data for cesium. Allowing - N 0.050 volt 
representing extraneous losses, the curve for (pd)o = 0.125 shows excellent 

agreement with experiment. The absence of the sharp rise in arc drop before 

38 
I 

transition into a second glow region for cesium is believed to be due to the 

fact that in the experiment the cathode edge is not anchored but allows 
formation of a "dark" plasma in front of the cathode. 

I 9 0.5 

0.4 

1 I 
I 

I I 

I 

I 
1 

I 

I 

- 

RESULTS 

- 
I 
I 
I I 

1 I I 
0 0.050 0. I O 0  0.150 0.200 0.3- 

pd ( torrxcm) 

Fig. 24. Arc drop as o function of the pressure-spacing product. 
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D. RADIATION LOSSES FROM PLASMA 

Radiation due to excited atoms in the plasma is generally assumed to be a 

small contribution to the arc drop.34 

P /I is about 10% of Vd or 50 millivolts of the 112 volt arc drop for cesium 
at high current densities. 
cited states are proportional to the discharge current. 

itions from the resonance states to the ground state (resonance radiation) tend 
39 

to saturate at higher current densities due to collisions of the second kind. 

From experiments it is inferred that 

L 
Power losses due to transitions between higher ex- 

Radiation due to trans- 

The time rate 

be written as 

N =  
X 

of change of the density of atoms excited to a certain state can 

A 
= mgrx - mx7, - 

where 

N = plasma density 

N = neutral gas density 
g 

= cross section for excitation by electron impact 
QX 
v = electron velocity 

f(ve) = electron velocity distribution 
V = excitation potential 

m = electron mass 

e 

X 

e 
= density of excited atoms 

= cross section for quenching of excited atoms by electrons 
= effective average lifetime of excited atoms in plasma region. 

NX 

Q, 
T 

yx and 7q represent the two integrals of Eq. (49). 
X 

Since in general N is 

proportional to the current density I/A and Nx = 0 in equilibrium, Eq. (49) 

yields 

X 
C' I /A y 

C' I /A 7q + l/.r 
N =  
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where C' is a constant. The power lost from the plasma (neglecting side losses) 

becomes 

Thus summing up contributions of 

N 
- XAD 

X 
pL - eVx T 

Lt I 
X 

Considering the resonance states 
tion), Eq. (52) can be written 

pL - =  
I 

different excited 

c '  Y 
'X 

C' yq I/A + 1 
e Vx D 

T 
' X  

separately (T 
X 

+ 1 
11 Ill 

C + C I/A 

large due to resonance absorb- 

- 
I (53) 

II Ill 

where C and c are constants and P I  corresponds to radiation losses other 
than resonance radiation. Consequently, the volt-ampere characterestic 

[ E q s .  (25) and (48)] becomes 

L 

2 

(54) 
1 

C + C I/A 

120 T 
e In y I A  - I t  

N kTc ' = -  

2 kT 120 T 
(54) 

At high current densities the term corresponding to the resonance radiation 

becomes vanishingly small. At lower current densities this term causes a de- 
viation from linearity in a log I versus V plot. At current densities much 
lower than the saturated cathode emission current density the effective emis- 
sion area A can vary because the size of the glow plasma varies. A is deter- 

mined by setting the derivative of Eq.  (54) equal to zero, or 

where R = load impedance. 

E. EFFECTS OF NOBLE GAS ADDITIVES ON THE PERFORMANCE OF THERMIONIC CONVERTERS 

Noble gases added to a cesium vapor thermionic converter have two effects 
on the plasma properties of the device. One is a change of the transport pro- 
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perties for the electrons through the diode. This effect can be incorporated 

as a correction term in Eq. ( 2 7 )  relating the electron temperature and diode 
spacing. The other effect is the energy loss for the electron gas due to 

electron-gas atom collisions. This effect will be evaluated by considering the 

energy loss per collision and summing up all electron-gas collisions per unit 

time . 
For conditions of interest for thermionic converters, the electron temp- 

erature is so low that ionization of the added (noble) gas can be neglected. 

Thus, only elastic collisions of electrons and ions with the added gas need be 

considered. It is convenient to write for the total electron-atom collision 
probability (including both electron collisions with cesium and with the added 

where 
Qe = electron-cesium atom collision cross section 

16 -1 
= he x (3 .56 x 10 ) 

= electron-atom collision cross section for the added gas 
= density of added gas 

Qea 
n a 

a! = na/ng 
Similarly for ion-atom collisions 

where 

= cross section for collisions between cesium ions and atoms of added 

gas. 
QPa 

Equations (32) and ( 3 4 )  may thus be written 

n h e  && 1 

Qea 
Qe 

273 (Pmo = - - 
*c 1 + a -  

and 

E?- 
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d Using Eqs. (58), (58), ( 3 3 ) ,  and (45) the relationship between arc drop V 
and pD may now be evaluated for different concentrations of gas additives ( a ) .  
It is planned to make numerical evaluations of these equations. 
changed by adding gases, both the arc drop and the available terminal current 

[Eq. (41)] will be affected. 

Since 8 is 

In elastic collisions between electrons and atoms the average energy trans- m 
fer from the electron to the atom is = 2 - e times the electron energy. Thus 
the power transfer from the electron gas mP to the added gas becomes 

L 

3 e v f(ve) dv m 

pR e 
0 

per unit cathode area. If Qea is velocity-independenty Eq. (59) becomes 

2 3 /2  n 
m 

'R - JZ a Qea m 
- l6 n -* e ($) / N d x .  

P 0 

7 3 /2  n 
L m 

'R - JZ a Qea m 
- l6 n -* e ($) / N d x .  

P 0 
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111. EXPERIMENTAL PLASMA STUDIES 

A. INTRODUCTION 

Two experimental  approaches t o  plasma vo l t age  drop may be d is t inguished .  

The f i r s t  involves  measurement of  e l ec t ron  temperature and c a l c u l a t i o n  o f  

plasma vo l t age  drop (a rc  drop) from energy balance cons idera t ions .  The second 

approach i s  more d i r e c t  and r equ i r e s  tha t  the  arc  drop be r e l a t e d  t o  measured 

te rmina l  vo l tage .  This may be done provided that v i r t u a l  cathode and anode 

work func t ion  p o t e n t i a l  b a r r i e r  he ights  are known. 

t i ons ,  the  v i r t u a l  cathode b a r r i e r  height may be r e a d i l y  ca l cu la t ed  from the  

observed terminal  cur ren t .  The remaining problem o f  obta in ing  a known anode 

work func t ion  i s  discussed i n  some d e t a i l .  

With c e r t a i n  tenable  assump- 

B. PROBE MEASUREMENT OF ELECTRON TEMPERATURE IN A CESIUM PLASMA 

Langmuir probe techniques are w e l l  known4' and have been employed success-  

f u l l y  f o r  measurement o f  e l e c t r o n  and ion temperature and dens i ty  i n  var ious  

types of plasma. 

techniques t o  cesium plasma: 

enough t o  make thermionic emission negl ig ib le .  

due t o  cesium adsorp t ion  on the  necessary probe support  and feedthrough insu la-  

t o r s .  

Two severe problems have l imi t ed  the a p p l i c a t i o n  o f  probe 

(1) There i s  the  d i f f i c u l t y  of cool ing a probe 

(2 )  There i s  the  leakage c u r r e n t  

The probe s t r u c t u r e  shown i n  Fig. 2 5  w a s  designed i n  an  at tempt  t o  minimize 

Thermal con tac t  between probe and anode maintains  t h e  probe t h e s e  d i f f i c u l t i e s .  

SAPPHIRE 
SPACER -SHI 

Fig. 25. Details of probe assembly. 
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at the relatively low anode temperature, for low thermionic emission. The 

emission which comes from the probe side is impeded by the conically shaped 

sapphire spacer-shield. The anode-probe area ratio was 1580. Cathode area was 

2.5 cm . 2 

In operation, the anode-probe temperature was set at a value which repre- 
sented a compromise between probe thermionic emission and probe insulator 

leakage. 
Two separate but synchronized pulsers were used to obtain probe character- 

istics. 
at a repetition rate of 7.5, 15 or 30 pps. The probe characteristic was plotted 
60 times each second using a half-wave rectifier connected to the power line 

through a small transformer. Raw data are shown in Fig. 26. The low-current, 

constant-slope base-line gives a convenient indication of leakage current, which 

Rectangular pulses of about 5-msec duration were applied to the anode 

( a )  ANODE: 
-0.06V 

15A 

( b )  ANODE: 
t O . l S V  

3 0 A  

( C )  ANODE: 

0 
-0.2 VOLT/DIV- 

-0.2 VOLT/DIV- 

T c =  1473OK 

T '  = 522OK 
TP = 720°K 

Tc = 1473OK 

T'  = 54I0K 
TA = 780OK 

Tc = I473 OK 

Tb = 770°K 

T' = 542OK 

Fig. 26. Oscillograms showing probe characteristics. Voltages are 
measured with respect to the cathode terminal. 
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flows during power line cycles in which the arc remains extinguished. 

data are replotted in Fig. 27. From the slopes, electron temperatures in the 

range 3000-4000°K are indicated. 

Probe 

v) 
w 
K 
W a 
I 
Q. 
J 
J - 
I - EXPERIMENTAL 

- - THEORETICAL 

Fig. 27. Re-plot of data of Fig. 26. 

Compared with desired electron current values, the probe leakage current 

value was small. However, attempts at interpreting negative probe character- 

istics were futile. It was found that ion current was masked by probe 
thermionic emission, whenever the probe temperature was raised high enough for 

negligible insulator surface leakage. 
Before systematic measurements of electron temperature variation with 

pressure, spacing, and current could be accomplished, the probe assembly 

developed a vacuum leak, and the tube had to be disassembled. 

Nevertheless, it is interesting to note the consistency of the electron 

temperature measurements reported here with electron temperatures calculated 

from cross-sectional data or deduced from arc drop measurements. 
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C. DISCUSSION OF METHODS FOR ARC DROP MEASUREMENTS 

Arc drop i n  a cesium diode may be measured i f  t h e  anode work func t ion  i s  

known. I t  i s  g iven  approximately by 

2 
kT ABTc 

I n  - + V - O * ,  - c  - -  
exper. e I 

where V i s  t h e  anode-to-cathode terminal  vo l tage .  

The o t h e r  symbols were def ined  i n  Sec t ion  11. There i t  w a s  shown t h a t  t h e  

a r c  drop so  measured i s  not  p r e c i s e l y  the  " t rue  arc  drop" def ined  by t h e  

p o t e n t i a l  d i s t r i b u t i o n  diagram i n  Fig. 23 .  However, f o r  s impl i c i ty ,  and i n  

o rde r  t o  permit ready comparison wi th  a rc  drop d a t a  o f  o the r  workers, t h e r e  

are  l i s t e d  i n  t h i s  s e c t i o n  only  experimental  va lues  o f  V ca l cu la t ed  from Eq. 

( 6 2 ) .  

t r u e  a r c  drop. 

d 
I f  des i red ,  a small co r rec t ion  (A$ ) may be sub t r ac t ed  t o  ob ta in  t h e  

C 

One method f o r  e s t ima t ing  anode work func t ion  has been descr ibed  by 

Ki t r i l ak i s ,  Shavit,and Rasor. They measured anode work func t ion  wi th  the  

tube opera t ing  as an  ion - r i ch  su r face  i o n i z a t i o n  diode and p l o t t e d  0 
TA/T'. 

r e s e r v o i r  temperature T' requi red  f o r  arc  mode opera t ion .  

38 

vs. A 
Then they assumed t h a t  t he  same r e l a t i o n  held f o r  t he  higher  cesium 

Another method i s  t o  lower the  anode temperature as c l o s e  as poss ib l e  t o  

T ' ,  and then assume t h a t  anode work func t ion  i s  equal  t o  t h a t  of bulk cesium, 

which i s  here taken t o  be 1.96 v o l t s .  Evidence f o r  t h i s  va lue  i s  g iven  i n  

Sec t ion  I I I - G .  

The l a t t e r  method i s  prefer red .  Experiments i n d i c a t e  v a r i a t i o n  i n  the  

minimum anode work func t ion  of  the  order  o f  0 .1  v o l t ,  depending upon t h e  

thermal and cesium coverage h i s to ry .  The anode work func t ion  a t  maximum 

coverage a t t a i n a b l e  i n  our experimental  tube w a s  found t o  be reproducib le  

w i t h i n  10 or  20 m i l l i v o l t s ,  and seemed t o  be less dependent upon previous 

processing.  Another reason f o r  p r e f e r r i n g  t h e  high-coverage, low-anode temp- 

e r a t u r e  condi t ion  f o r  arc drop measurements i s  t h a t  under such condi t ions  

thermionic  emission from the  anode i s  neg l ig ib l e .  Theory d e t a i l e d  i n  Sec t ion  

II-C shows t h a t  converter  op t imiza t ion  may involve acceptance o f  an a d d i t i o n a l  

a r c  drop term due t o  reverse cu r ren t  from t h e  anode sur face .  



D. EXPERIMENTAL TUBE DESCRIPTION 

A l l  a rc  drop and anode work funct ion experiments repor ted  i n  t h i s  s e c t i o n  
2 employed a p lanar  diode w i t h  a 2.5 cm cathode area. A s t a i n l e s s  s t ee l  bellows 

w a s  included fo r  adjustment of  the anode-to-cathode spacing. 

A ceramic s h i e l d  (Morganite RR alumina) w a s  i n s t a l l e d  around the  cathode 

s i d e  wa l l s  t o  impede t ransmission of the copious e l e c t r o n  c u r r e n t  t h a t  i s  

emi t ted  from the  s i d e s  of  the  Mo cathode button, and' from the s i d e  of  t he  Mo 

hea t  dam. 

hole i n  t h e  cathode bu t ton  was l ined  up wi th  a corresponding hole i n  t h e  ceramic 

s h i e l d ,  and cathode temperature w a s  measured wi th  an  o p t i c a l  pyrometer, s i g h t -  

i n g  through a sapphire  window. A l l  temperature readings were cor rec ted  fo r  

r e f l e c t i o n  l o s s e s  a t  t h e  window. 

The gap between s h i e l d  and cathode was about 0.1 nun. A "blackbody" 

The anode w a s  machined from n icke l  rod (INCO 270). 

E. RES1 DUAL GAS PUMPING AND ANALYSIS 

The experimental  tube w a s  continuously pumped us ing  a cesium s t i l l ,  cold 
t r a p  and g e t t e r - i o n  pump arrangement which has been previous ly  descr ibed.  41 

P a r t i a l  pressures of r e s i d u a l  gases  were monitored from t i m e  t o  t i m e  wi th  a 

mass spectrometer having p a r t i a l  pressure s e n s i t i v i t y  of  about 10-l' Torr. 

A Bayard-Alpert ionizat ion gauge w a s  a l s o  included i n  the  system. U l t i m a t e  

p ressure  a t t a i n e d  w a s  about 3 x Torr t o t a l  p ressure  i n  the  high vacuum 

sec t ion ,  w i th  t h e  cesium s t i l l  and experimental  tube a t  room temperature. 

Typical  p re s su re  a t  t he  B-A gauge during a rc  mode opera t ion  w a s  5 x 10 

Torr,  which w a s  mostly hydrogen. 

- 8  

F. EXPERIMENTAL PROCEDURES IN ARC DROP MEASUREMENTS AND DISCUSSION OF POSSIBLE 
ERRORS 

Unfortunately,  t he  experimental  tube design w a s  such t h a t  mu l t i l aye r  cesium 

coverage on the  anode su r face  could not be e a s i l y  a t t a i n e d .  The problem w a s  

t h a t  the  anode s i d e  w a l l  su r f ace  cooled f a s t e r ,  and t o  lower temperatures than 

t h e  e l e c t r o n  c o l l e c t i o n  surface.  

t h e  anode s i d e  whenever t h e  anode temperature T 

proper r e s e r v o i r  temperature T ' .  

lower e f f e c t i v e  r e s e r v o i r  temperature. 

A spurious cesium r e s e r v o i r  would form on 

w a s  w i th in  about 15°C of the  

Additional lowering of  TA would r e s u l t  i n  a 
A 

The procedure f i n a l l y  adopted w a s  t o  s lowly cool  the  anode, and take a r c  

drop d a t a  a t  the  f i r s t  i nd ica t ion  o f  bulk cesium t r a n s p o r t  t o  t he  spur ious  

r e s e r v o i r .  Several  u s e f u l  i nd ica t ions  of bulk cesium t r anspor t  were observed. 
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F i r s t ,  a decrease i n  p a r t i a l  p ressure  o f  hydrogen gas would be observed a t  the  

m a s s  spectrometer. The flow of cesium from t h e  s t i l l  b o i l e r  (proper  r e s e r v o i r )  

t o  t he  experimental tube (spurious r e s e r v o i r )  r e s u l t e d  i n  d i f f u s i o n  pumping of 

r e s i d u a l  hydrogen gas toward the  tube. Since hydrogen w a s  the  predominant 

r e s i d u a l  gas  observed i n  the  high vacuum s e c t i o n  of the system, an ord inary  

i o n  gauge could be used as w e l l  a s  the  mass spectrometer  for  an i n d i c a t o r  of  

spur ious  r e se rvo i r  formation. 

A few seconds a f t e r  t he  d i f f u s i o n  pumping ind ica t ion ,  one could observe a 

drop i n  temperature of t h e  proper r e se rvo i r ,  due t o  evapora t ion  cooling. 

A t h i r d  ind ica t ion  of spurious r e s e r v o i r  formation i s  had when one i s  

opera t ing  under emission-l imited condi t ions.  Under such condi t ions,  a lower- 

i ng  of  cesium pressure  r e s u l t s  i n  a l a rge  increase  of anode te rmina l  vo l t age  

needed t o  maintain constant  cu r ren t  through the diode. 

The experimental tube had no p o t e n t i a l  probe on the cathode proper.  

Cathode heat dam r e s i s t a n c e  was est imated a t  1 . 5  milliohm, and the ind ica t ed  

te rmina l  vol tage w a s  co r rec t ed  appropr ia te ly .  Using published d a t a  on the  

abso lu te  thermoelectr ic  power of  m ~ l y b d e n u m , ~ ~  a hea t  dam thermal emf cor rec-  

t i o n  of 20 m i l l i v o l t s  was appl ied.  The Jou le  and Seebeck vol tages  introduced 

e r r o r s  which were p a r t l y  compensated, and both might be neglected without  much 

e r r o r .  
Probably the  l a r g e s t  e r r o r  i n  these experiments, and one which i s  

d i f f i c u l t  t o  es t imate  accura te ly ,  involves the  knowledge of e f f e c t i v e  a rea .  

The geometric a rea  of t he  cathode end face  was very nea r ly  2 . 5  cm . It was 

v i s u a l l y  apparent, however, tha t  t h e  glow i n  the  p lanar  reg ion  w a s  concen- 

t r a t e d  toward the center .  Uniformity was b e t t e r  a t  higher  cu r ren t  dens i ty ,  

and t h e  high c u r r e n t  dens i ty  measurements should the re fo re  be given more 

weight.  A l s o ,  t he  uniformity w a s  b e t t e r  a t  c l o s e r  spacings.  

2 

A possible  explanat ion f o r  nonuniformity i s  t h i s :  Near the  ou te r  r ad ius  

o f  t he  cathode, cesium a r r i v a l  ra te  and gas dens i ty  are given approximately 

by p res su re  balance cons idera t ions ,  whenever the  ba th  temperature i s  high 

enough fo r  cesium-cesium c o l l i s i o n s  t o  be important.  The center  reg ion  has 

r e l a t i v e l y  poor conductance t o  the  r e s e r v o i r ,  and here  a r r i v a l  ra te  balance 

wi th  the r e se rvo i r  may a lways  be assumed. These cons idera t ions  show t h a t  

a r r iva l  rate and gas  dens i ty  are always h ighes t  a t  t h e  center .  

54 



G. ARC DROP MEASUREMENT RESULTS 

Experimental values of arc drop are plotted in Fig. 28. The points 
represent data taken with cesium bath temperatures in the range 501-577°K and 

actual spacing from 0.25 to 1.25 nrm. 
the lower cathode temperatures, in qualitative agreement with theory. Anode 

temperature in all cases was not over 25°C higher than the cesium reservoir 

temperature, and the anode work function was taken to be 1.96 volts. 

The data show slightly higher arc drop at 

n 
A d  

ESTIMATED FOR: 

Tc = 1500°K 
0 - 

0 60 I I I I I I I I 1 

d A 
0.55 t- 

I- 
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--I 

1300°K I A 
A 0 

I500 I o  

-1 
I 
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0 0.01 0.02 Q03 0.04 0.05 0.06 O.O? 0.08 0.09 0.10 

cm - torr 

Fig. 28. Experimental arc drop a s  a function of spacing-pressure product. 

H. WHAT IS THE WORK FUNCTION O F  CESIUM? 

The literature (to our knowledge) is not in good agreement concerning the 

work function of cesium. 

an abstract. 
1.81 volts, although substitution of his data in Richardson's equation yields 
somewhat lower effective work function values. Kingdon mentioned an impurity 

effect and was himself reluctant to extract work function values from his 
reported data. 

with Fowler's theoretical curve45 is not very satisfactory, but a value of 
1.97 volts is indicated by his "10 molecular layer" data. M a ~ e r ~ ~  also did 

photoemission experiments, and he reports a value of 1.94 volts as the work 

function for a thick film of cesium. 

K i n g d ~ n ~ ~  published some thermionic emission data in 

His data are presumably the basis for the widely quoted value of 

- 

Data on photoemission from cesium films is reported by Brady. 44 The fit 
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In an attempt to resolve doubts about the work function of cesium, we 

made measurements of anode work function by operating the experimental tube 

in an ion-rich, low-pressure surface ionization mode. Dynamic equilibrium 

cesium coverage of the anode was made as large as possible, to closely approach 

an anode work function equal to that of bulk cesium. 

measured to within 10 millivolts, and a correction of 20 millivolts was applied 

to account for the Seebeck voltage (thermal emf) developed in the cathode heat 
dam made from molybdenum. This material has a slightly positive absolute 

thermoelectric power. 42 

enhanced electron current flow in the diode, and required that an absolutely 

greater retarding potential be applied for a given diode current. Anode work 
function was calculated from 

Terminal voltage was 

The heat dam temperature distribution therefore 

2 
C 

ABT 
In 7 - ] V I  + 0.02 volt kTC 0, = 

where V is the observed terminal voltage. 
Typical results for 8 vs. I/A are plotted in Fig. 29. Note that the A 

apparent 8 increases for large values of I. This is the result of certain 
areas becoming electron- or ion-emission limited. Under such conditions, the 

A 

2.01 

2.00 

1.99 

d 

g 1.98 

I- z 
a n n 
a 

1.97 

I 96 

I 

! 

I I I 
5 IO I 5  2 0  
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Fig. 29. Apparent anode work function in a surface ionization diode 
as a function of terminal current. 
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e r r o r  l ies  i n  taking the  geometric a rea  A as t h e  e f f e c t i v e  area. When 0, i s  

c a l c u l a t e d  wi th  very low I / A ,  the  apparent 0 again increases .  Here t h e  e r r o r  

l i es  i n  assuming t h a t  e l e c t r o n  cu r ren t  is equal  t o  terminal  cu r ren t .  A t  low 

terminal  c u r r e n t s ,  the unknown ion current  becomes s i g n i f i c a n t .  One i s  j u s t i -  

f i e d ,  t he re fo re ,  i n  concluding t h a t  0 is  a t  least  as low as ind ica t ed  by Eq. (62). 

A d e t a i l e d  a n a l y s i s  of cathode work funct ion d i s t r i b u t i o n ,  deduced from 

s a t u r a t e d  e l e c t r o n  and ion cu r ren t ,  proves t h a t  ope ra t ion  with a v i r t u a l  cathode 

( r e t a r d i n g  p o t e n t i a l )  allows one t o  set  an upper l i m i t  on emission-limited area. 

When t h i s  i s  done, i t  is  seen t h a t  f o r  values of  I / A  near  minimum apparent  

QA, t h e  doub t fu l  area is  about 10% of  t h e  t o t a l  area. 

high coverage determinat ions of  minimum apparent @ 

Emission-limited area u n c e r t a i n t i e s  l e a d  one t o  w r i t e  1.96 

A 

A 

The r e s u l t  o f  several 

w a s  1.96 ,+ 0.01 v o l t .  

- 0.02 

A 
+ O.O1 v o l t .  

P o s s i b l e  cathode temperature measurements e r r o r s  o f +  5 ° K  give a f i n a l  r e s u l t  

+ 0-02 v o l t .  of '-96 - 0 . 0 3  
C o l l i s i o n  l o s s e s  were neglected,  since i t  w a s  found that halving o r  

doubling t h e  cesium p res su re  changed r e s u l t s  by less than 5 m i l l i v o l t s .  -. Ine luosi sei-iu-us nilcGrta~nty Lil *La"^ ,.-.-.-..e.-. 
L11555 U l C a P U L S u S L ' L Y  19 t h e  precise 

d i f f e r e n c e  between anode temperature T 

Thermal r a d i a t i o n  from the cathode is  t h e  p r i n c i p a l  heat  input ,  and t h i s  

f a l l s  on t h e  end face of t h e  anode, which i s  the electron-bombarded surface,  

o r  anode proper.  The cool ing air, however, h i t s  t h e  s i d e  w a l l  of  the n i c k e l  

anode, as w e l l  as the  end face. Because t h e  heat  i npu t  t o  the s i d e  w a l l  i s  

s l i g h t ,  t h e  s i d e  su r face  cools  below the end face temperature. The r e s u l t  i s  

t h a t  bulk condensation always begins a t  the  s ide .  Because of thermal resis- 

tance i n  t h e  n i cke l  cup, a temperature d i f f e rence  o f  about 1 5 ° C  w a s  u sua l ly  

p re sen t .  Therefore, t he  d e t a i l e d  behavior of anode work func t ion  i n  the high 

coverage r eg ion  could not be invest igated.  It i s  thought t h a t  the highest  

coverages a t t a i n e d  gave anode work funct ion equal  t o  t h a t  of  bulk cesium, 

bu t  t h e r e  i s  no c e r t a i n t y  on t h i s  point .  Assuming only t h a t  t h e r e  e x i s t s  no 

maximum i n  the anode work func t ion  vs. temperature curve, one can conclude 

from measurements reported here  t h a t  

and cesium r e s e r v o i r  temperature T ' .  A 

OCs 2 1 . 9 3  v o l t s  

On the  b a s i s  of known d a t a  a va lue  o f  QCs = 1.96 v o l t s  i s  recommended. 
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Present  day u l t r a -h igh  vacuum techniques should be used for  a new 

pho toe lec t r i c  measurement of gCs. An i n t e r e s t i n g  p o s s i b i l i t y  i s  the  use 

o f  a red  (6328A) He-Ne gas  laser as a l i g h t  source.  Photons from such a 
47 

l a s e r  have energy of 1 .96 ev. 

based on Fowler's theory, i n  which the  l i g h t  photon energy i s  kept  cons tan t  

while  photoemitter temperature i s  var ied .  One thereby avoids the  need fo r  

ad jus t ing  l i g h t  source i n t e n s i t y  as wavelength is  var ied .  

should make it easy t o  confine i l l umina t ion  t o  a bulk cesium reg ion  and avoid 

emission from low work func t ion  p a r t i a l  coverage regions.  

0 

Hughes and DuBridge have descr ibed a method, 

A laser source 



IV. SUMMARY AND CONCLUSION 

Electrical conduction associated with adsorption of cesium on insulators 

has been measured under a wide range of conditions. 

found which represent the data. These formulas should permit a design of cesium 

vapor devices with acceptably low insulator surface leakage. Understanding of 

cesium adsorption on insulators is expected to lead to a better understanding 

of cesium adsorption on other types of substrate. 

Empirical formulas were 

Theory and experiment on plasma voltage drop in the arc mode thermionic 

converter are in very good agreement. An arc drop of nearly 0.5 volt seems to 
be unavoidable. 

cathode temperature, and current density variation. 

This arc drop is rather insensitive to pressure, spacing, 

The theory now allows prediction of perfonnance of arc mode converters as 
a function of surface properties. Or, if converter performance has been meas- 

ured, the theory allows one to deduce surface work function values. 
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